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The first experimental investigation of a normal-incidence Mo–Y multilayer-coated diffraction grating
operating at a 9-nm wavelength is reported. The substrate is a replica of a concave holographic
ion-etched blazed grating with 2400 grooves�mm and a 2-m radius of curvature. The measured peak
efficiency in the �3 order is 2.7% at a wavelength of 8.79 nm. To our knowledge, this is the highest
normal-incidence grating efficiency ever obtained in this wavelength region.
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1. Introduction

There has been a continuing effort in the develop-
ment of normal-incidence multilayer coatings for
extreme-ultraviolet �EUV� solar and astrophysical in-
struments such as telescopes and spectrographs.
The high reflectance and wavelength-selective prop-
erties of multilayer-coated optics allow imaging and
recording of distinct emission lines from solar re-
gions. The solar coronal image dominated by the Si
XII at 4.4 nm, recorded during a rocket flight on
October 1985 by a W–C multilayer-coated telescope,
represents the first successful use of multilayer tech-
nology for astrophysical observation.1 Recent im-
ages of the Sun obtained from the Solar and
Heliospheric Observatory �SOHO�2 and Transition
Region and Coronal Explorer �TRACE�3 missions
have been made possible with the application of
Mo–Si and Mo2C–Si multilayer coatings, respec-
tively. The operational wavelength of these multi-
layers was optimized to 17.1 nm, 19.5 nm, 28.4 nm,
and 30.4 nm for the selected emission lines of Fe
IX�X, Fe XII, Fe XV, and He II, respectively. Such
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observations provide sensitive temperature diagnos-
tics in the range from 104 to 106 K and also the
detailed information about conditions on the Sun,
including plasma confinement, plasma heating, and
solar flares. Multilayers were also applied on vari-
ous types of grating to enhance the grating efficiency,
especially for high-resolution spectroscopy of weak
EUV sources. Gratings with Mo–Si multilayer coat-
ings operating in a region above the Si L edge at 12.4
nm have substantially higher efficiency than typical
gold-coated gratings.4–7 Recently, MoRu–Be multi-
layers enabled grating operation at normal incidence
with efficiencies of up to 10.4% in the 11.1–12.0-nm
wavelength region.8,9 However, there are still inter-
esting portions of the EUV spectrum that have not
yet been explored10 and that cannot be accessed by
the above-mentioned multilayers.

According to the all-sky survey conducted in the
7–80-nm wavelength region by the Extreme Ultravi-
olet Explorer mission,11 there are over 700 bright
objects in space, including hot white dwarfs, active
and nearby late-type stars, cataclysmic variables,
and various types of active galactic nuclei, that radi-
ate EUV energy. In the 8–12-nm spectral range,
the most intense emission line is Fe XVIII at 9.392
nm. This line was observed in rotating cool stars
and white dwarf systems and can be used, for ex-
ample, to study magnetic fields. It is therefore of
interest to develop high-resolution spectroscopic in-
struments based on high-efficiency diffraction grat-
ings that operate in this wavelength region.
Experimental data on multilayers that can reflect at
9.4 nm at normal incidence include the Mo–Sr, Mo–Y,
Ru–C, Pd–B C, Cr–C, and W–B C material pairs.12
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However, to our knowledge, none of these multilayers
was ever applied to a grating. Theoretical calcula-
tions predict much higher reflectance for Mo–Sr and
Mo–Y multilayers than for the other multilayer pairs
mentioned above. Even though Mo–Sr theoretical
reflectance is the highest in this group, the experi-
mental data revealed that this multilayer, if exposed
to air, would completely loose its reflective properties
within one day because of oxidation.13 Therefore we
limited our study on Mo–Y multilayers, which pro-
vide substantially high reflectance and long life-
time.14

In this paper we investigate the performance of a
Mo–Y multilayer-coated diffraction grating operating
at 9 nm. The grating principle and fabrication pro-
cedure are explained in Section 2. The multilayer
deposition techniques and the characterization tech-
niques used in this study are described in Sections 3
and 4, respectively. The experimental results and
discussions are presented in Section 5, followed by a
comparison between the measured and the calculated
grating efficiencies in Section 6. The conclusions are
discussed in Section 7.

2. Grating Operation and Fabrication

Diffraction gratings are commonly used in spectro-
scopic instruments to disperse polychromatic light.
The grating diffracts light into several orders given
by the grating equation:

m� � d�sin � � sin ��, (1)

where m is the grating order; d is the groove spacing;
� and � are the incidence angle and the diffraction
angle measured from the grating normal, respective-
ly; and � is the wavelength of light. The efficiency at
each order depends strongly on the grating profile.
The efficiency of one particular order can be maxi-
mized with use of a blazed �sawtooth� line profile.
The blaze angle �b is chosen so that the facets reflect
light of a particular wavelength into the chosen dif-
fracted order, which means that blazed gratings have
a high peak efficiency at only specific wavelengths.
The grating efficiency also depends on the quality of
the line profile and the smoothness of the grating
surface. For an on-blaze operation, the wavelength
in the m grating order can be expressed as

�m� � 2d sin �b sin 	, (2)

where 	 
 ��2 � � � �b 
 ��2 � � � �b is the
grazing-incidence angle that corresponds to the facet
normal �Fig. 1�.

Let us now consider multilayer-coated gratings.
Typical multilayers consist of a periodic stack of two
alternating materials having high and low indices of
refraction. When we use the well-known quarter-
wave stack idea15 and ignore the absorption, the max-
imum reflectance occurs when the optical thickness of
each layer is equal to a quarter of the wavelength of
interest. In general, the refraction-corrected multi-

layer period � can be determined through the modi-
fied Bragg’s equation developed by Henke et al.16:

n� � 2dBragg�1 � �sin2 	�sin 	 � 2� sin 	, (3)

where n� 
 2dBragg sin 	 is the well-known Bragg’s
law, n is the diffraction order, and  is the decrement
of the average refractive index of the multilayer.
For the first-order multilayer interference at normal
incidence, the optimum efficiency of an on-blaze op-
eration of a multilayer-coated grating occurs when
the blaze wavelength of the grating is equal to the
peak wavelength of the multilayer. The following
condition must be satisfied to achieve this:

� � dBragg�1 � � � �d�sin �b��m. (4)

This condition relates the multilayer period with the
diffraction order of the grating. It implies that the
maximum efficiency is dependent on �. Only in the
region away from characteristic absorption edges of
multilayer materials, where  is nearly constant, will
the grating order remain constant with the change of
wavelength.

In this study, a replica of a master holographic
blazed grating produced by Spectrogon US Inc. with
2400 groves�mm was coated. The grating was con-
cave with a 2-m radius of curvature. The master
grating was produced by a holographic process, in
contrast to classical gratings that are mechanically
ruled with a diamond tip. A photosensitive layer
deposited on top of a glass substrate was exposed
with the interference pattern formed by two laser
beams, the film was selectively dissolved, and ion-
beam etching was used, which made it possible to
produce almost sawtooth shaped grooves. The rep-
lica gratings, having almost equivalent properties
and quality to the master grating, were made by
Hyperfine Inc. The aluminum oxide surface result-
ing from the replication process was coated with a
thin SiO2 layer to reduce the microroughness of the
oxidized aluminum surface.

3. Multilayer Deposition

An ultrahigh-vacuum magnetron-sputtering deposi-
tion system was used for the fabrication of Mo–Y

Fig. 1. Schematic drawing of the multilayer blazed grating.
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multilayers. A schematic �top view� of the deposi-
tion chamber is shown in Fig. 2. Three planar-
magnetron-sputtering guns are mounted vertically
on the chamber wall. Two are typically used for a
multilayer fabrication, and the third one is some-
times used for the deposition of the capping layer of
some other material. These sputtering guns were
operated at 50 W for both Mo and Y. The shutters in
front of each gun were used to regulate the deposition
flux. The typical base pressure after a bakeout and
prior to deposition was 2 � 10�9 Torr. Ultrahigh
purity Ar �99.999%� gas was used at 2.0-m Torr op-
erating pressure and a flow of 40 SCCM �SCCM de-
notes cubic centimeters per minute at STP�. The
substrate, placed in the center of the chamber, was
mounted on a rotary feedthrough attached to the top
chamber lid. The substrate-to-target distance could
be varied from 7.5 to 15.5 cm. A substrate of up to 1
cm � 1 cm in area could be inserted in the chamber
through the loadlock system. However, the sub-
strate holder could accommodate a substrate up to
3.5 cm � 4.5 cm if the chamber was vented.

We deposited a multilayer by facing the substrate
alternatively to the Mo and the Y targets and by
opening the associated shutter for a predetermined
time. Given that the sputtering rates are constant,
one can calibrate the deposition rate of each material
by making a series of multilayers using different
sputtering times. The substrate was spun around
its center to achieve good thickness uniformity. Ev-
ery multilayer in this study started with Y and fin-
ished with the Mo layer.

4. Sample Characterization

A. Rutherford Backscattering Spectrometry

Yttrium metal is known to oxidize in air, thus it is
crucial to know accurately its composition and den-
sity that are the main parameters for the determina-
tion of the optical constants used for multilayer
design and simulation. Rutherford backscattering
spectrometry, a nondestructive depth-profiling tech-
nique, was used in this study to determine the oxygen
content and any other trace elements in our

magnetron-sputtered Y films. A 50-nm-thick Y film
was bombarded with 2.3-MeV He�� ions, and the
energies of the backward-scattered ions were mea-
sured at 108° and 170° angles. The energy of the
backscattered ions is directly related to the depth and
the mass of the target atom, and the number of the
backscattered particles is proportional to the atomic
concentration. The detection limits range from a
few parts per million for heavy elements to a few
percent for light elements.

B. X-Ray Diffraction

Small-angle x-ray diffraction �XRD� was applied to
determine the period thickness of the multilayers.
A collimated beam of Cu K� x ray with a wavelength
of 0.154 nm was incident on a sample, and the dif-
fracted beam was measured specularly. The dif-
fracted beam intensity was measured as a function of
the grazing angle 2	, the angle between the incident
and the diffracted beam, over the angular range of
2	 
 0° to 12°. The angular positions of the dif-
fracted peaks are related to the geometric period
thickness of the multilayer �dBragg� to the modified
Bragg’s formula �Eq. �3��, which was rewritten in the
following form:

1�dBragg � 1���1 � �sin2 	�, (5)

where � can be determined from a linear regression
of 1�dBragg versus 1�sin2 	. The slope is equal to
��� with a y-axis interception of 1��.

A series of Mo–Y multilayers of various thickness
combinations were fabricated on Si wafer substrates
for calibration. With the known deposition times
and the calculated period thicknesses obtained from
the modified Bragg’s equation, we determined the
deposition rates of Mo and Y using a two-layer model:

� � rMotMo � rYtY � ��, (6)

where r is the deposition rate, t is the deposition time,
and �� is the change �contraction or expansion� in
the period thickness that is due to interface forma-
tion. Crystalline structures of Mo and Y in the mul-
tilayer were also characterized by large-angle XRD,
where the diffracted beam intensity was scanned
over the angular range of 2	 
 30° to 50°.

C. Atomic Force Microscopy

We used an atomic force microscope �AFM� �Digital
Instruments, dimension 5000� to measure the grating
groove profile by scanning a sharp tip mounted on a
flexible cantilever over the grating surface. We per-
formed the measurements in a tapping mode by tap-
ping the surface with an oscillating probe tip. The
probe tip was etched silicon with a nominal tip radius
of 5–10 nm. The AFM measurements were done in
air before and after the multilayer coating. A num-
ber of scans were performed over the square areas of
1 and 5 �m in the center and near the edge of the
grating.

Fig. 2. Schematic drawing of the ultrahigh-vacuum magnetron-
sputtering deposition system.
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D. Synchrotron-Based Reflectometry

We measured the multilayer reflectance and the grat-
ing efficiency using the reflectometer at beamline
6.3.2 of the Advanced Light Source at Lawrence
Berkeley National Laboratory. A detailed descrip-
tion of this beamline can be found elsewhere.17,18 In
this experiment, we used a boron filter and an order
suppressor consisting of three grazing-incidence
graphite mirrors to improve the spectral purity by
suppressing the higher-order light. A GaAsP photo-
diode with a 5 mm � 5 mm active area served as a
detector. The precision of the wavelength and the
reflectance measurements were within 0.002 nm and
0.2% �absolute�, respectively.

5. Experimental Results and Discussion

Mo–Y coatings exhibit a high-quality multilayer
structure. A series of well-defined peaks obtained
from small-angle XRD of a typical multilayer �Fig.
3�a�� indicates sharp interfaces between Mo and Y, in
good agreement with a small contraction of 0.055 nm
obtained from a rate calibration with a two-layer
model. The deposition rates of Mo and Y in this
study were 0.052 and 0.095 nm�s, respectively. The
large-angle XRD spectrum shown in Fig. 3�b� exhibits
a peak at 2	 
 31.19°, which corresponds to the Y
�002� crystalline orientation. However, the peak is
rather broad, indicating a polycrystalline structure of
Y. In contrast, Mo is predominantly amorphous be-
cause no peak is observed.

We based the multilayer design on calculations us-
ing IMD software19 assuming an ideal Mo–Y struc-
ture. The optimized parameters include the period
thickness �, the thickness ratio of Mo to the period
thickness �, and the number of bilayers N. Theoret-
ically, � of 0.425 and N 
 120 bilayers would provide
the highest-reflectance Mo–Y multilayer in the
8–12-nm wavelength region. The increase in reflec-
tance with number of bilayers is limited by absorp-
tion because light penetrating too deep in the
multilayer can no longer reflect to the top surface.
This optimum number of N in reality was even lower
because of surface–interface roughness of the multi-
layer that reduces the specular reflectance. The ex-
perimental optimum number of bilayers for Mo–Y
seemed to be 100, and thus multilayers having only
100 bilayers were made. The reflectance of a Mo–Y
multilayer deposited on a flat Si wafer was 34.6% at
9.196 nm when we used the designed parameters � 

4.67 nm, � 
 0.425, and N 
 100 bilayers. Figure 4
shows also the best fit to the measured reflectance of
this multilayer. We performed the fit using IMD
software, and the optical constants were derived from
the Center for X-Ray Optics atomic scattering fac-
tors.20 Instead of bulk Y density �4.457 g�cm3�, we
used 4.402 g�cm3 as measured with Rutherford back-
scattering spectrometry for our Y films. Lower den-
sity can be explained with a high percentage of
oxygen �25%� and some other contaminants �1% Ar
and 0.3% Ta�. The best fit was obtained with � 

4.68 nm, � 
 0.445, N 
 100 bilayers, and the inter-
face roughness of 0.55 nm, in good agreement with
our designed parameters. The interface roughness
in the fit was assumed to be the same for each inter-
face. Because of the space limitation and the depo-
sition geometry, we could not coat the grating and the
flat substrate simultaneously. Thus the reflectance
of the coating on the grating was inferred from the
above fitting parameters.

AFM images of the grating before and after the

Fig. 3. Typical XRD spectrum of a Mo–Y multilayer measured �a�
at small grazing incidence angles from 0° to 12° and �b� at large
grazing angles from 25° to 45°. The sharp peak at approximately
33° is the Si peak from the single-crystal �100� substrate.

Fig. 4. Normal-incidence �measured 3° from normal� reflectance
of a Mo–Y multilayer deposited on a flat Si wafer substrate. Ex-
perimental data �dots� and the best fit �solid curve� are shown.
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application of the Mo–Y coating with optimized dep-
osition parameters are compared in Fig. 5. The ver-
tical scale was adjusted to clearly reveal the texture
of the grating image. Numerous spikes present on
the substrate grating were smoothed out after the
multilayer coating. The microroughness in the
4–40-�m�1 spatial frequency, excluding the low-
frequency roughness from the groove pattern, was
improved from 1.24- to 0.73-nm rms roughness. The
smoothing properties of the Mo–Y multilayer en-
hanced the reflectance and also substantially in-
creased the grating efficiency without degrading the
grating performance or affecting the blazed angle.

We measured the grating efficiency using synchro-
tron radiation in the usual configuration described in
Subsection 4.D with an additional 1.49-mm slit added
in front of the detector. Grating efficiency is defined
as the ratio of the diffracted intensity and the inci-
dent intensity, in which the incident radiation is
monochromatic. Because this is a reflected-type
grating, measuring the diffracted intensity is the
same as measuring the reflected intensity. At fixed
incident angles, the wavelength was scanned after
the zero grating order was established. Approxi-
mately 0.89% grating efficiency at an 8.85-nm wave-
length was measured at 8° from normal. This result
implies that a higher grating efficiency could be
obtained at 9.4 nm because of the increase of mul-
tilayer reflectance with wavelength in this spectral
range. In Fig. 6 the measured zero-order efficiency
at a normal-incidence angle of 8° is shown together
with the predicted reflectance curve. This Mo–Y
multilayer-coated grating had approximately 2.8%

groove efficiency in the zero order at an 8.85-nm
wavelength where the grating’s groove efficiency is
defined as the ratio of the grating efficiency and the
coating reflectance. For a fixed wavelength, by
scanning the detector around the specular angle
where zero-order diffraction is located, we measured
the efficiencies in various diffraction orders as dis-
played in Fig. 7. The positive-order numbers indi-
cate the inside order, with the diffraction angle lying
between the incident beam and the zero order, as
opposed to the outside order. To optimize for peak
efficiency of each order, the wavelength was scanned
after the detector was aligned at peak angle. As
shown in Fig. 8, the peak efficiencies as a function of
wavelength were measured at 8° from normal inci-
dence. The highest efficiency was 2.7% in the out-
side third order �m 
 �3� at a wavelength of 8.79 nm.
To our knowledge, this is the highest efficiency ever
obtained at normal incidence in this wavelength re-
gion. Without the Mo–Y multilayer, the grating ef-
ficiency would have been zero �below the detection
limit�. The Mo–Y multilayer dramatically increased
the grating efficiencies and enabled the grating to
operate in this wavelength region.

6. Calculated Grating Efficiency

The multilayer grating efficiency was calculated with
the computational model PCGrate developed by Goray
and colleagues.21,22 The computational model im-
plements the modified integral method to solve the
boundary-value problem of electromagnetic radiation
incident on a multilayer grating. The calculation
accounts for the groove profile of the grating sub-
strate as determined by an AFM, the optical proper-
ties of the layers of the multilayer coating,20 and the
two polarization components of the incident radia-
tion. The computational model was previously used
to analyze the efficiency of MoRu–Be multilayer grat-
ings of the same type as used in this study.9

Fig. 5. AFM images �1 �m � 1 �m� of the grating �a� before and
�b� after application of the Mo–Y multilayer coating.

Fig. 6. Zero-order grating efficiency measured at 8° from normal
incidence �dotted curve� and the predicted reflectance �dashed
curve� of the witness Mo–Y multilayer coating obtained from the
fit.

2398 APPLIED OPTICS � Vol. 41, No. 13 � 1 May 2002



The calculated efficiencies are shown in Fig. 9.
The calculated peak efficiency in the �3 order is in
good agreement with the measured peak efficiency.
The calculated efficiencies of the weaker orders in
some cases differ from the measured efficiencies in
the same manner as found previously in Ref. 9. As
discussed in Ref. 23, these differences indicate that
the treatment of the microroughness in the compu-

tational model needs improvement, and this research
is in progress.

7. Conclusion

We have reported on the enhancement of the normal-
incidence efficiency of a blazed holographic grating by
the application of a Mo–Y multilayer coating. The
measured peak efficiency in the �3 order was 2.7% at
a wavelength of 8.79 nm and is the highest normal-
incidence efficiency measured in this wavelength re-
gion to our knowledge. The measured efficiency is
high enough to make possible the utilization of mul-
tilayer gratings for high-resolution spectroscopic
studies of solar and astrophysical objects in the 9-nm
wavelength region. A flight instrument using such
a grating could perform Doppler imaging that would
reveal the magnetic fields and the structure of active
regions. In addition, the spectra dispersed by the
grating could be used to perform other studies such as
solar abundances.
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